The RNA-binding 
Introduction
The Musashi family is an evolutionarily conserved group of RNAbinding proteins [1, 2] which in mammals comprises the Musashi1 and Musashi2 proteins, encoded by the MSI1 and MSI2 genes, [3, 4] , resembling each other in their RNA-binding domains [4] . Musashi1 is mainly expressed in central nervous system (CNS) stem cells and neural progenitor cells [2] , but also in stem cell-enriched regions of murine and human intestinal crypts and stomach pits [5] [6] [7] and in epithelial progenitors in gastric mucosa, gut, mammary glands, epidermis and hair follicles [2, 6, 8, 9] . In contrast, Musashi2 is expressed in a wide variety of tissues, although its expression in the CNS is cell type specific and developmentally regulated [4] . [10] . The best-established targets of Musashi1 are regulators of Notch signalling and the cell cycle such as Numb [10] , an evolutionary conserved antagonist of the Notch pathway. Therefore, Musashi1 is thought to activate Notch signalling required for the self-renewal of mammalian neural stem [2, 10] . Moreover, Musashi1 has been reported to repress translation of the cyclin-dependent kinase inhibitor p21 CIP1 [11] , which is necessary for commitment of proliferating neural progenitor cells to cell-cycle exit and neuronal differentiation [12] . Musashi1 was shown to inhibit translation initiation of its target mRNAs by competing with eIF4G for PABP, thereby inhibiting the assembly of the 80S ribosome, and to move subsequently with the stalled translation pre-initiation complex to cytoplasmic microorganelles such as stress granules (SGs) [13] . Musashi1 expression has also been reported in a variety of tumour cells, including glioblastoma, retinoblastoma, endometrial carcinoma, colorectal carcinoma and hepatoma cell lines [14] [15] [16] [17] [18] [19] [20] .
Musashi1 functions as a translational repressor through sequence-specific interaction with the 3Ј-untranslated region (UTR) of various target mRNAs

cells. Accordingly, in NIH-3T3 cells, Musashi1 induces transactivation of the Notch target gene, Hes1
The function of Musashi in tumour cells, however, is not well understood. Presumably, it may contribute to the maintenance of the self-renewal capacity of tumour (stem) cells by enhancing Notch pathway activity and preventing p21
CIP1 -induced cell-cycle arrest. In this study, we detected expression of MSI1 genes in several bladder carcinoma cell lines, but not proliferating normal uroepithelial cells. Using an RNAi strategy, we observed that Musashi1 down-regulation decreased tumour cell proliferation by promoting cell death. A microarray analysis revealed expected and potential novel Musashis1 targets in Notch signalling and cell-cycle regulation and an unexpected effect on formation of SGs after heatshock treatment. Our study suggests that ectopic expression of Musashi1 contributes to carcinogenesis in some urothelial cancers through several mechanisms.
Methods and materials
Cell lines, cell culture, siRNA transfection and heat-shock treatment Bladder carcinoma cell lines and normal uroepithelial cells were cultured as described [21] . For heat-shock treatment, cells on cover slips were floated in the culture dish in a pan of water at 44ЊC for 20 
RNA extraction
Total RNA was isolated from sub-confluent cell cultures and cell lines using Qiazol reagent (Qiagen, Hilden, Germany) and purified via RNeasy columns (Qiagen). cDNA synthesis was performed with SuperScriptII reverse transcriptase (Promega, Mannheim, Germany) with oligo-dT primers as described [22] .
DNA extraction
High molecular weight genomic DNA from cell lines was isolated using the blood and cell culture DNA kit (Qiagen) with additional proteinase K treatment. 
Methylation analysis
Microarray analysis and evaluation
Linear T7 polymerase-based amplification of total RNA from the three independent irrelevant (IR)-treated and MSI1-treated 5637 cell cultures was performed essentially as previously described [24] . 
Further statistical analyses
Unless indicated otherwise, Student's t-test was used for statistical analyses.
All experiments were replicated three or four times. Fig. 2A and B) . Strong down-regulation was already apparent after 24 hrs (data not shown). As shown by Western blotting, the reduction in MSI1 mRNA was followed by a similar reduction at the protein level in MSI1-siRNA transfected 5637 and 639v cells (Fig. 2C and D (Fig. 3A, upper panel) . Treatment of 639v cells with MSI1-siRNA showed a much weaker and nonsignificant effect (Fig. 3B) . Moreover, MSI1-siRNA treatment (Fig. 5A) 
Results
Expression and siRNA-mediated down-regulation of MSI1 in urothelial carcinoma cells
Fig. 1 Expression of MSI1 and MSI2 in bladder cancer cell lines and normal urothelial cells. Relative gene expression of MSI1 to GAPDH (A) and MSI2 to GAPDH (B) as determined by quantitative RT-PCR in bladder cancer cell lines (black columns) and several independent cultures of normal uroepithelial cells (NUECs, white columns
Effects of Musashi1 knockdown on stress granules
Among the genes significantly up-regulated upon MSI1 knockdown, we noted several reported to influence RNA stability and turnover, such as CCNL1 [35] , RRAS [36] , APP1 [37] and TIA-1 [38] 
, which increased 2.1-, 3.1-, 2.9-and 3.1-fold, respectively, and in particular, some associated with SGs. Of 35 proteins listed as SG components in a recent review [39] encoded by genes represented on the microarray, 9 were significantly up-regulated following Musashi1 knockdown (Table 2). In addition, for five others, closely related genes or genes encoding subunits were up-regulated. Only four such genes would have been expected by chance. Quantitative RT-PCR confirmed up-regulation of RRAS (P-value ϭ 0.0065) and APP1 (P-value ϭ 0.039) after MSI1 siRNA treatment, whereas up-regulation of TIA-1 and CCNL1 was much weaker than expected from the microarray data (Fig. 6). We therefore evaluated the effect of MSI1 depletion on the formation of SGs, which were detected by a specific antibody against TIA-1. After MSI1 depletion, the number of 5637 cells forming several SGs after heat shock increased strongly and highly significantly compared to cells treated with IR-siRNA (Fig. 7). Intriguingly, 639v cells did not form SGs under either condition.
Bioinformatic analysis of Musashi1 binding sites in regulated mRNAs
We finally compared several relevant mRNA structural parameters between the 31 down-regulated and the 31 most strongly upregulated genes after MSI1 knockdown, namely the transcript length, the length of the 3Ј-UTR, the relative length of the 3Ј-UTR in relation to the overall transcript length, the number of MSI1 consensus binding sites ((G/A)UnAGU [n ϭ 1~3]) per 3Ј-UTR of each transcript and the number of Musashi1 binding sites per relative length of 3Ј-UTR. Interestingly, every parameter showed a highly significant difference between up-regulated and downregulated genes (Table 3).
Discussion
Musashi1 is considered to be a key molecule for stemness in various tissues and its expression has also been linked to increased cell proliferation in breast and intestinal cancers [40]. Musashi1 might exert an oncogenic function through its ability to repress translation of specifically bound mRNAs, including those for regulators of Notch signalling and the cell cycle like Numb and p21
CIP1 [10, 11] [17, 41] , but not generally [11, 42] fractions in a mouse mammary epithelial cell line [43] and human embryonic kidney cells [11] . In the human colon cancer cell line HCT116 too, knockdown of MSI1 decreased the fraction of actively cycling cells [17] . [44, 45] , presumably because apoptosis frequently occurs in cells in the G1 phase of the cell cycle [46, 47] , and arrest in late G1 or S phase mediated by the cell-cycle inhibitors can then accelerate or potentiate apoptosis [48] . However, the mechanism of apoptosis in this case could be more complex, as suggested below.
. Moreover, overexpression of Msi1 stimulated proliferation and increased S and G2/M
Considering these results together, it seems that effects of MSI1 on cell-cycle distribution occur in a cell-context dependent manner. An explanation for the various outcomes is suggested by the result of our microarray analysis that MSI1 knockdown increased the expression of both proliferation inhibitory and stimulatory genes in 5637 (
In accordance with previous work [10, 11] , we observed up-regulation of both Numb and p21 CIP1 proteins after MSI1 down-regulation in 5637 cells. Our findings, however, may extend present knowledge in several respects (summarized in Fig. 8 ). [38] . Second, our siRNA study, in accordance with another investigation employing MSI1 overexpression [43] [50] . Like Musashi1, Staufen 1 is also recruited into SGs [13] but its high expression impaired the assembly of SGs. Moreover, depletion of Staufen 1 also led to pronounced cell death [50] . These (Fig. 1B) 
